Experimental focal cortical ischemic lesions consist of an ischemic core and a potentially salvageable peri-ischemic region, the ischemic penumbra. The activity of neurons and astrocytes is assumed to be suppressed in the penumbra because the electrical function is interrupted, but this is incompletely elucidated. Most experimental stroke studies used young adult animals, whereas stroke is prevalent in the elderly population. Using two-photon imaging in vivo, we here demonstrate extensive but electrically silent, spontaneous Ca 2+ activity in neurons and astrocytes in the ischemic penumbra of 18-to 24-month-old mice 2-4 hr after middle cerebral artery occlusion. In comparison, stroke reduced spontaneous Ca 2+ activity in neurons and astrocytes in adult mice (3-4 months of age). In aged mice, stroke increased astrocytic spontaneous Ca 2+ activity considerably while neuronal spontaneous Ca 2+ activity was unchanged. Blockade of action potentials and of purinergic receptors strongly reduced spontaneous Ca 2+ activity in both neurons and astrocytes in the penumbra of old stroke mice. This indicates that stroke had a direct influence on mechanisms in presynaptic terminals and on purinergic signaling. Thus, highly dynamic variations in spontaneous Ca 2+ activity characterize the electrically compromised penumbra, with remarkable differences between adult and old mice. The data are consistent with the notion that aged neurons and astrocytes take on a different phenotype than young mice. The increased activity of the aged astrocyte phenotype may be harmful to neurons. We suggest that the abundant spontaneous Ca 2+ activity in astrocytes in the ischemic penumbra of old mice may be a novel target for neuroprotection strategies.
Ca
2+ (SpCa 2+ ) activity in neurons and astrocytes in the penumbra of focal cortical lesions in adult and aged mice.
Electrically silent brain astrocytes are in close contact with neurons and blood vessels, communicating with them and with each other via changes in the Ca 2+ concentration in somas, processes, and end-feet (Bazargani & Attwell, 2016; Lind, Brazhe, Jessen, Tan, & Lauritzen, 2013; Otsu et al., 2015; Petzold, Albeanu, Sato, & Murthy, 2008; Takano et al., 2006; Volterra, Liaudet, & Savtchouk, 2014; Wang et al., 2006) . Astrocytic Ca 2+ waves and oscillations occur at a high rate in the first hour after a photothrombotic lesion (Ding, Wang, Cui, & Haydon, 2009) , in the aged retina (KurthNelson, Mishra, & Newman, 2009 ) and in the cerebellum of aged mice and during hypoxia (Mathiesen, Brazhe, Thomsen, & Lauritzen, 2013) . In rodents, cortical spreading depolarization waves occur in the penumbra in the first hour(s) after stroke and briefly increases Ca 2+ activity in both neurons and astrocytes (Rakers & Petzold, 2017) . However, whether SpCa 2+ activity is increased in neurons and astrocytes in the penumbra independent of the cortical spreading depolarization waves and whether aging influences occurrence of SpCa 2+ activity is unknown. This is of great interest because the phenotypes of neurons and astrocytes change with age, and the senescent reactive astrocytes are believed to secrete cytokines and toxic substances that may contribute to neuronal damage (Clarke et al., 2018; Liddelow et al., 2017) .
Here, we used a combination of two-photon Ca 2+ imaging, laser speckle imaging (LSI) of cerebral blood flow (CBF), and electrophysiological recordings to examine neuronal and astrocytic SpCa 2+ activity in a mouse model of permanent middle cerebral artery occlusion (MCAO). We were particularly interested in the possible differences in SpCa 2+ activity between adult and old mice and the interplay between neuronal and astrocytic SpCa 2+ activity.
Focal ischemia strongly reduced the amplitude of electrocorticographic activity (ECoG) and SpCa 2+ activity in neurons and moderately reduced SpCa 2+ activity in astrocytes in the penumbra of adult mice. In old mice, stroke induced Ca 2+ hyperactivity in all parts of astrocytes, whereas SpCa 2+ activity in neuronal somas remained constant. Neuronal and astrocytic SpCa 2+ activity in old stroke mice was reduced by a nonselective P2 purinergic receptor antagonist and by the voltagegated sodium channel blocker tetrodotoxin (TTX). Thus, action potential generation in neurons contributes to astrocytic SpCa 2+ activity, which also depends on purinergic receptors. This study demonstrates extensive SpCa 2+ activity in neurons and astrocytes of the electrically compromised penumbra of old mice, which may reflect and modulate multiple processes of cell death and repair and involve molecular mechanisms that may be modified by novel neuroprotective strategies.
| MATERIALS AND METHODS

| Experimental design
Experiments were carried out in male 3-to 4-month-old (adult, n = 44) and 18-to 24-month-old (old, n = 31) C57B1/6 mice (Janvier Labs) in accordance with the guidelines set forth in the European
Council's Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes, approved by the Danish National Ethics Committee (#2014-15-0201-00027), and are in compliance with the ARRIVE guidelines. Adult mice were randomly allocated to one of six interventions: sham operation (Adult sham, n = 12), MCAO (Adult MCAO, n = 8), occlusion of a more distal branch of the middle cerebral artery (MCA; Adult benign, n = 10),
sham with TTX preconditioning (adult sham TTX, n = 4), MCAO with TTX preconditioning (Adult MCAO TTX, n = 6), or MCAO with prolonged observation of CBF (n = 4). Old mice were randomly allocated to one of the four interventions: sham operation (Old sham, n = 11), MCAO (Old MCAO, n = 9), MCAO with TTX preconditioning (Old MCAO TTX, n = 6), or MCAO with pyridoxal phosphate-6-azo(benzene-2,4-disulfonic acid) tetrasodium salt hydrate (PPADS) preconditioning (Old MCAO PPADS, n = 5). Detection of SpCa 2+ activity was carried out blinded.
| Animal preparation
Mice were anesthetized with an induction bolus of xylazine (10 mg kg −1 i.p.) and ketamine (60 mg kg −1 i.p.), which was maintained during surgery with supplemental doses of ketamine (30 mg kg −1 /20 min i.
p.).
Testing motor responses to a hind paw pinch assessed the level of anesthesia. To maintain hydration, the animals were given an initial bolus of isotonic saline (1 ml s.c.). To reduce acidosis, mice were given were monitored continuously. Blood gases were taken from the femoral artery just before the start of recording and at the end of the experiment to monitor pCO 2 , pO 2 , and pH (ABL 700Series, Radiometer); we aimed for 40 mmHg pCO 2 , 100 mmHg pO 2 , and pH 7.35-7.45. Body temperature was maintained at 37 C using a rectal temperature probe and heating blanket (Model TC-1000 Temperature Controller, CWE). Two craniotomies were drilled. The first craniotomy was drilled for MCAO as described below and the second for dye loading and two-photon imaging with a diameter of~4 mm positioned over the somatosensory cortex, centered 0.5 mm caudal and 3 mm lateral of bregma ( Figure 1a ). The dura mater was carefully removed. After which we changed the anesthesia to α-chloralose (25 mg/kg/h, i.v.). Potential pharmacological compounds were incubated for 45 min before LSI monitored intervention (sham/MCAO/ benign occlusion). The preparation was covered with 0.75% agarose gel (type III-A, low EEO; Sigma-Aldrich) and moistened with either artificial cerebrospinal fluid (aCSF; NaCl 120 mM, KCl 2.8 mM, NaHCO 3 22 mM, CaCl 2 1.45 mM, Na 2 HPO 4 1 mM, MgCl 2 0.876 mM, and glucose 2.55 mM; pH 7.4) or a pharmacological compound dissolved in aCSF. Part of the craniotomy was covered with a glass coverslip that permitted insertion of electrodes.
| Laser speckle imaging
To monitor CBF, we performed LSI before, during, and after the intervention (MoorFLPI, Moor Instruments) (Supporting Information, Figure S1 ). Images were acquired using high spatial resolution at 1 frame per second. The laser speckle images were postprocessed using custom-made software (Python 2.7). We defined the ischemic core as area with a decrease in CBF to <20% of preintervention values, the penumbra as area with a decrease to 20-50% of preintervention values, and benign oligemic area as a decrease to 50%-80%
of preintervention values (Hossmann & Traystman, 2009 ). Areas were mapped 10 min after intervention, allowing identification of the cortical region later used for two-photon imaging. The size of the penumbra was normalized to the total craniotomy size, allowing for a size comparison between groups (Supporting Information, Figure S1 ). In a subset of mice, LSI was recorded until 90 min after the intervention to test the development and location of the penumbra at later time points.
| Drug application
In three of the experimental groups (Adult sham TTX, Adult MCAO TTX, and Old MCAO TTX), we blocked neuronal firing by topically applying the voltage-gated sodium channel blocker TTX (Tocris) dissolved in sterile water to 0.5 mM, followed by further dilution in aCSF to 1 μM (Tian et al., 2005) . TTX was incubated for 45 min prior to the intervention and continuously applied throughout the experiment. In a group of old MCAO mice, to block purinergic signaling, we topically applied 0.5 mM PPADS (Sigma-Aldrich) dissolved in aCSF (Old MCAO PPADS) following the same procedure as for TTX (Hoogland et al., 2009 ). In all other experimental groups, normal aCSF was applied during incubation and after the intervention.
| Middle cerebral artery occlusion
A small craniotomy was drilled directly over the MCA, the dura mater removed, and aCSF filled into the craniotomy while preparing the other craniotomy and during CBF recording with LSI. For sham intervention, nothing further was done. For the MCAO intervention (Adult MCAO and Old MCAO), the main trunk of the MCA was permanently coagulated by applying bipolar forceps coupled to an electrosurgical unit (Bipolar coagulator GN060, Aesculap) (Taguchi et al., 2010; Tamura, Graham, McCulloch, & Teasdale, 1981) . To test whether the degree of CBF reduction affected the SpCa 2+ activity, we induced a less severe stroke in another experimental group (Adult benign). In these mice, the first caudal branch distal to the main trunk of the MCA was occluded in a similar way as described above. The occlusion was confirmed by visual inspection through the surgical microscope and LSI. 
| Two-photon imaging
| Electrophysiology
The direct current potential and the ECoG were recorded with the glass microelectrode used to load dyes as described above. An Ag/AgCl ground electrode was inserted into the neck muscles. The signal was amplified initially using a differential amplifier (gain, 10×; bandwidth, 0.1-10,000 Hz; DP-311 Warner Instruments), followed by additional amplification using CyberAmp 380 (gain, 100×; bandwidth, 0.1-10,000 Hz; Axon Instruments). Digital sampling was performed using the CED Micro1401 mk II interface (Cambridge Electronic Design) connected to Spike2 software (Cambridge Electronic Design) running at a sampling rate of 5 kHz. The signal was smoothed before taking the root mean square of the ECoG for 10 min periods 2 and 4 hr after intervention and used as a measure of neuronal electrical activity.
| Image analysis
Data were analyzed by a custom-made Matlab program. From the time-lapse series, Ca 2+ signals were extracted using a modified version of the pixel-of-interest-based analysis method (Lind et al., 2018) . For each time-lapse movie, rectangular regions of interest (ROIs) were placed around maximally 10 neurons and all of the visible astrocytic somas, large processes, and end-feet (Supporting Information, Figure S2 ). The SR101 staining, cell morphology, and relation to blood vessels were used to distinguish ROIs as either astrocytic or neuronal.
In ischemic tissue, neurons may take up SR101 (Thompson et al., 2006) . Therefore, in mice with stroke, neurons were only included in the analysis as neurons if the SR101 uptake were very small or nonexisting and they fulfilled the morphological criteria for neurons. For each frame, pixels with SR101 intensities >1.5 standard deviations of the mean intensity in ROIs were selected as astrocytic, and the OGB intensity of these pixels averaged to create a time trace (F[t] ) for every ROI. Astrocytic processes refer to large processes not visibly connected to a soma, while processes visibly connected to a soma were included in the somatic ROIs. However, part of the large astrocytic processes may originate from peripheral parts of somas, as astrocytic somas and large processes merge smoothly without clear morphological distinction (Figure 1b and Supporting Information, Figure S3 ).
Encircling of vessels identified astrocytic end-feet. Neuronal pixels were selected in a similar way; pixels were selected using OGB intensities >1.3 standard deviation of the mean intensity in an ROI, and the OGB intensity from these pixels averaged to create the F(t), that is, Ca 2+ signal change over time (Figure 1b) . In cases of z-drift, ROIs were excluded from analysis. We detected SpCa 2+ transients as active and extracted the waveform in two separate steps. In the detection step, each data point of the F(t) was labeled as belonging to a Ca 2+ event or background based on thresholding of F(t) with subtracted F 0 and normalized to the standard deviation of noise. In the reconstruction step, the obtained labels were used to extract individual SpCa 
| Statistical analysis
Differences in the size of the oligemic area and ECoG amplitude were tested using one-way ANOVA with the Sidak post-hoc test and presented as the mean AE standard error of the mean (SEM). Differences in the fraction of ROIs with SpCa 2+ activity and activity level were tested using the nnet package for multinomial logistic regression with
Bonferroni post-hoc test (MLR) (Venables & Ripley, 2002) and presented as the proportion AE standard error of probability (SEP). The Ca 2+ ΔF/F 0 was log transformed, tested using the lme4 package (Bates, Mächler, Bolker, & Walker, 2015) for linear mixed-effects models with Bonferroni post-hoc test (LMER with group as fixed effect and mice as random factor), and presented as back-transformed estimates AE95% confidence intervals (CI). ANOVA was performed using Prism 7 (version 7.0b, GraphPad Software), and RStudio version 3 | RESULTS
| Ischemic penumbra of MCAO in the whisker barrel cortex
To identify the penumbra, we subjected mice to MCAO by electrocoagulation of the MCA (Tamura et al., 1981) . Supporting Information, Figure S1c ). The fraction of ischemic core and penumbra and the relative drop in CBF in the penumbra and the full craniotomy was independent of age and pharmacological treatment 10 min after MCAO, suggesting that the initial CBF reduction was similar in all MCAO groups (Supporting Information, Figure S1c ). In six adult mice, we occluded a more distal branch of the MCA (benign occlusion) to induce less severe damage. In these mice, the penumbra only covered 8.11 AE 2.71% of the craniotomy, which was a significantly smaller fraction of the FOV than for the proximal occlusion (p < .0001, ANOVA; Supporting Information, Figure S1c ). In this group, two-photon imaging was recorded in the benign oligemic area, defined as a CBF reduction to 50%-80% of prestroke values, covering 41.16% AE 6.70% of the FOV after benign occlusion.
Finally, we examined the possible time dependency of the reduction in baseline CBF after MCAO in four adult mice. We assessed CBF by LSI for 30 min before stroke to obtain a baseline, and for an additional 90 min after stroke. In all mice, the penumbra covered parts of the whisker barrel cortex at the coordinates used for two-photon imaging. Due to a very slow expansion of the ischemic core and the two-photon imaging site being located at the center of the penumbra after 90 min of MCAO, we assume that the two-photon imaging 2-4 hr poststroke was conducted in the penumbra.
| Stroke, aging, and tetrodotoxin reduced electrocorticogram amplitude
To describe the effects of stroke and aging on the spontaneous electrical activity in neurons, we recorded ECoG in layer 2/3 of the whisker barrel cortex in close approximation to the two-photon imaging site (Figure 1a,b) . Two hours after MCAO, we observed a 70% reduction in
ECoG amplitude in the adult MCAO group, whereas the ECoG amplitude was reduced by 60% with the less severe benign occlusion The recording of ECoG allowed for detection of cortical spreading depolarization waves in our two-photon study period 2-4 hr after MCAO. However, we did not observe cortical spreading depolarization waves in any of our adult or old stroke mice, which is consistent with the low occurrence of cortical spreading depolarization waves in mice 1 hr after stroke (Hernandez-Caceres, Macias-Gonzalez, Brozek, & Bures, 1987; Sakowitz et al., 2009; von Bornstadt et al., 2015) .
3.3 | Persistent neuronal spontaneous Ca 2+ activity in the penumbra of old mice
Electric neuronal activities, both spontaneous and evoked, are strongly reduced in the ischemic penumbra (Dohmen et al., 2008; Hossmann, 2012; Nedergaard & Dirnagl, 2005; Sutherland et al., 2017) , which suggests that neurons are completely inactive due to depletion of tissue glucose and oxygen pools. An alternative hypothesis is that neurons are active but the activity they produce is electrically silent. To test this hypothesis, we examined SpCa 2+ activity in neuronal somas in the ischemic penumbra. The experiments provided two datasets, one set that referred to the fraction of cells with a Ca (Figure 3c ). Nonparametric testing of frequency differences among astrocytic compartments gave similar results as testing differences in the active fraction of ROIs. We used differences in the active fraction of ROIs throughout the study.
We report that the fraction of astrocytic somas with SpCa 2+ activity were 60%-70% larger than that of processes and end-feet (astrocyte somas vs processes, p = .0011; astrocyte somas vs astrocyte end-feet, p < .0001, MLR; Figure 3d and Table 1 Figure 3e ). In our definition of astrocytic soma, we include the first branching processes, which could explain the higher incidence of SpCa 2+ activity in astrocytic somas compared to that found in large processes. The activity levels in astrocytes found in our work are in line with previous findings using similar methods (Delekate et al., 2014; Takata & Hirase, 2008) . The data suggest that the mechanisms regulating the fraction of astrocytes with SpCa 2+ activity differ from the mechanisms that control the size of the transients, and that an interplay exists between the degree of ischemia and SpCa 2+ activity in astrocytes.
3.6 | Stroke increased astrocytic spontaneous Ca Table 1 , and Supporting Information, Figure S5a ,b).
To further describe this increase in SpCa 2+ activity, we categorized all ROIs as inactive, normoactive, or hyperactive. The ROIs were considered hyperactive when the event occurred >0.4 event min −1 .
We found that the hyperactive fraction of ROIs versus the inactive Abbreviations: ROI = region of interest; MCAO = middle cerebral artery occlusion; PPADS = pyridoxalphosphate-6-azophenyl-2 0 ,4 0 -disulfonic acid tetrasodium salt; TTX = tetrodotoxin. Data are presented as proportion AE standard error of probability (%).
and normoactive fractions was increased in old stroke mice compared to old sham mice in astrocytic somas (Old MCAO vs Old sham, p < .0001 and p < .0001, respectively, MLR; Figure 4a ,b top, Table 1, and Supporting Information, Figure S5a Figure 5c and Table 1 ) and end-feet (Adult sham TTX vs Adult sham, p = .0020, MLR; Figure 5c and Table 1 ), but not in astrocytic processes that form multiple contacts with synapses and, thus, is strongly influenced by neuronal activity.
Adult mice with MCAO treated with TTX presented more reduced SpCa 2+ activity in astrocytic compartments than TTX alone.
The reduced active fraction was observed in astrocytic somas, processes, and end-feet (Adult MCAO TTX vs Adult sham TTX, p < .0001, p < .0001, and p < .0001, respectively, MLR; Figure 5c , Table 1 , and Supporting Information, Figure S6 ).
In astrocytic processes, MCAO in combination with TTX induced a larger reduction in the active fraction of ROIs than MCAO alone (Adult MCAO TTX vs Adult MCAO, p = .0195, MLR; Figure 5c and ΔF/F 0 for neuronal somas, astrocytic processes, and end-feet due to a lack of signal (Figure 5b and Supporting Information, Figure S7 ).
Astrocytic SpCa 2+ activity was unaffected by TTX, suggesting that the Ca 2+ signals were independent of neuronal firing. However, stroke and TTX combined reduced the activity in astrocytic processes more than stroke alone, with a similar tendency for end-feet.
This suggests an interplay between action potential generation and astrocytic SpCa 2+ activity in stroke.
3.8 | Tetrodotoxin reduced stroke-induced astrocytic spontaneous Ca 2+ activity in old mice TTX decreased neuronal SpCa 2 activity in old stroke mice (Old MCAO TTX vs Old MCAO, p < .0001, MLR; Figure 6b and Table 1 ), similar to the pronounced effect in adult mice. In old stroke mice, TTX also decreased the SpCa 2+ activity fraction and hyperactive fraction in all astrocytic compartments (Figure 6a,d , Table 1 , and Supporting Information, Figure S8a ). After TTX and stroke in old mice, the active fraction was reduced compared to stroke alone for astrocytic somas, Table 1 ).
In addition, the stroke-induced increase in the hyperactive fraction of ROIs versus the inactive and normoactive fractions was reduced by TTX in old stroke mice in astrocytic somas (Old MCAO TTX vs Old MCAO, p < .0001 and p < .0001, respectively, MLR; Figure 6a , Table 1 , and Supporting Information, Figure S8a ), whereas only the hyperactive fraction versus inactive fraction was reduced in astrocytic processes and end-feet (Old MCAO TTX vs Old MCAO, p < .0001 and p < .0001, respectively, MLR; Figure 6a , Table 1 , and Supporting Information, Figure S8a ). compartments after treatment with TTX. In healthy mice, TTX increased SpCa 2+ activity in astrocytic somas and end-feet, while application of TTX followed by middle cerebral artery occlusion (MCAO) reduced SpCa 2+ activity in astrocytic processes more than MCAO alone. Data in a and c are shown as active fraction + standard error of probability and analyzed using multinomial logistic regression followed by Bonferroni for multiple comparisons. Data in b are shown as estimates of mean ΔF/F 0 (%) during SpCa 2+ activity AE95% confidence intervals and analyzed using a mixed effects model with Bonferroni correction. The size of SpCa 2+ activity in neurons after TTX and MCAO could not be examined due to the almost abolished signal (NA). *p ≤ .05, **p ≤ .01, ***p ≤ .001, ****p ≤ .0001. The number of regions of interest in a and c and the number of mice in b are inside or over the bars ) activity in all astrocytic compartments after TTX followed by MCAO in old mice. The Oregon Green BAPTA-1/AM (OGB) channel is in gray. The frequency of SpCa 2+ activity is color coded.
Scale bar = 50 μm. (b) The fraction of neuronal somas with SpCa 2+ activity after TTX or pyridoxal phosphate-6-azo(benzene-2,4-disulfonic acid) tetrasodium salt hydrate (PPADS) application followed by MCAO in old mice. Both TTX and PPADS silence persistent neuronal SpCa Figure S8b ). These findings suggest that the increased SpCa 2+ activity in astrocytes observed after stroke in old mice was modulated by neuronal activity similar to the observations in adult mice (Figure 5c ).
3.9 | P2 receptor antagonist reduced astrocytic spontaneous Ca 2+ activity increased by stroke in old mice
To further investigate the mechanisms underlying the increased astrocytic SpCa 2+ activity in old mice, we applied PPADS to block purinergic signaling. Treatment with PPADS resulted in abolition of neuronal SpCa 2 activity after stroke in old mice (Old MCAO PPADS vs Old MCAO, p < .0001, MLR; Figure 6b and Table 1 ). In addition, PPADS Table 1 ).
The stroke-induced increase in the hyperactive fraction of ROIs versus the inactive fraction was reduced by PPADS in old stroke mice in astrocytic somas and end-feet (Old MCAO PPADS vs Old MCAO, p < .0001 and p = .0001, respectively, MLR; Figure 6a , Table 1 , and Supporting Information, Figure S8a ). Astrocytic processes were not significantly affected by PPADS in old stroke mice (p = .2717, MLR; Figure 6a , Table 1 , and Supporting Information, Figure S8a ).
Application of PPADS in old stroke mice did not affect the size of Ca 2+ ΔF/F 0 in any of the astrocytic compartments or neurons (Figure 6c and Supporting Information, Figure S8b ). These findings indicate that the increased SpCa 2+ activity in the astrocytes of old stroke mice depends partly on action potentials in neurons and partly on purinergic signaling, which most likely involves astrocytic release of ATP.
| DISCUSSION
The term "ischemic penumbra" was originally coined to denote brain tissue, which was sufficiently ischemic to lose the ability to generate spontaneous or evoked electrical activity, yet sufficiently nourished to maintain cellular membrane potentials and transmembrane ionic gradients (Astrup et al., 1981; Siesjo & Bengtsson, 1989) . Stroke limits oxygen and glucose availability and constrain ATP production and hence the Na + /K + -ATPase activity, which is the basic prerequisite for information processing (Attwell & Laughlin, 2001; Erecinska & Silver, 1989; Wong-Riley et al., 1993) . The perturbation of signal processing occurs not only in the infarct core but also in the peri-ischemic area, which is marginally supplied with oxygen (Baron, 2016; Hossmann & Traystman, 2009 ). The brain cells in the penumbra die within the first 4-6 hr after vascular occlusion unless normal perfusion is reestablished, or other measures are instituted which prevent the cells from dying (Furlan et al., 1996; Hossmann, 2012) . A breakdown in the communication between neurons is assumed to underlie the electrical silence in the penumbra. This may be because of hypoxia-induced changes in the passive properties of the postsynaptic membrane, a decrease in neuronal membrane resistance mediated by a rise in activity of ATP-sensitive potassium channels, a decrease in Na + channel availability, or incoherent increases in miniature post-synaptic currents, which may persist even under prolonged cerebral ischemia (Fleidervish, Gebhardt, Astman, Gutnick, & Heinemann, 2001 ). This entails almost continuous release of glutamate that may contribute to excitotoxicity in the penumbra. The present investigation explored the possibility that electrically silent SpCa 2+ activity in neurons and astrocytes occurred in the penumbra, the age-dependence of this activity and the relation to presynaptic release and purinergic signaling.
Our study demonstrated SpCa 2+ activity in the electrically compromised ischemic penumbra, revealing important age-related differences in cortical neurons and astrocytes in response to focal ischemia.
Stroke in adult mice strongly reduced SpCa 2+ activity in neurons and moderately reduced SpCa 2+ activity in astrocytic somas and processes, whereas SpCa 2+ activity in end-feet was unaffected. In comparison, stroke in aged mice did not affect neuronal SpCa 2+ activity, but increased SpCa 2+ activity in all astrocytic compartments. This is of interest because stroke has higher prevalence and severity of outcomes in elderly, but most stroke studies focus on young animals (Ay et al., 2005; Chen et al., 2010; Dirnagl & Macleod, 2009; Neuhaus et al., 2017) . This study provides evidence that SpCa 2+ events abound in the electrically compromised penumbra in old mice. The data may lead to a clearer understanding of the events underlying ischemic lesions and the involvement of these lesions in the injured and aged brain.
Brain aging changes the phenotypes of both neurons and astrocytes importantly. Dendritic and axonal arborizations decrease during aging. This is associated with a decrease in postsynaptic densities and dendritic spines while the number of nerve cells remains unchanged (Esiri, 2007; Raz & Rodrigue, 2006; Salminen et al., 2011; Stark et al., 2007; Yankner, Lu, & Loerch, 2008) . One consequence is that network properties change and the capability of neurons to follow synaptic inputs may fail leading to unreliable and asynchronous firing that affects the ability to process and transmit information (Jessen, Mathiesen, Lind, & Lauritzen, 2017; Matsuura et al., 1999) . Furthermore, alterations in neurovascular coupling, oxygen use, and increased mitochondrial size heterogeneity contribute to frailty in aged brains (Jessen et al., 2017; Thomsen et al., 2018) . The structural and functional changes in neurons may explain the observed reduction in amplitude of the electrocorticogram in aged mice as compared to adult mice. Despite switching anesthetic to α-chloralose, we cannot rule out an influence of ketamine, which half-life and neurotoxicity increase with aging (Jevtovic-Todorovic & Carter, 2005; VeilleuxLemieux, Castel, Carrier, Beaudry, & Vachon, 2013) . The few existing studies on stroke in aged animals have led to inconsistent results on potential age-dependency of the infarct size (Liu & McCullough, 2011) . At 10 min after stroke, we found no differences in CBF reduction between adult and aged mice, suggesting an initial equal degree of ischemia. Stroke reduced amplitude of the electrocorticogram of aged mice, which is in accordance with the concept of constrained energy supply in the penumbra. In comparison, the occurrence of the electrically silent SpCa 2+ events in neurons remained unchanged in old mice. This may be explained by continuous spontaneous, release of transmitter glutamate from presynaptic terminals (Fleidervish et al., 2001) or modulation of neural network activity by astrocytic release of ATP (Verkhratsky & Nedergaard, 2018) . This view was supported by the observation that the number of SpCa 2+ events in neurons was suppressed by TTX, which blocks action potentials, and abolished by PPADS, a nonspecific purinergic receptor blocker.
Astrocytes are abundant in the cerebral cortex and have important roles in the homeostasis of the brain microenvironment and glianeuron interaction. Aged astrocytes take on a reactive phenotype of neuroinflammation (Salminen et al., 2011 -gated Ca 2+ channels) as the major second messenger pathways (Nedergaard, Rodriguez, & Verkhratsky, 2010) . There are large variations in SpCa 2+ activity characteristics between different species and brain areas, which may be explained by different experimental methods and data analysis techniques (Araque et al., 2014; Bazargani & Attwell, 2016; Volterra et al., 2014) . Additionally age may modify the SpCa 2+ activity (Sun et al., 2013) . The time course of astrocytic SpCa 2+ events may vary between cells and within the same cell, as indicated by categorization of the SpCa 2+ transients as single peaks, multi peaks, and plateaus (Shigetomi et al., 2013; Stobart et al., 2018) .
We observed similar characteristics of astrocytic SpCa 2+ activity, but analyzed the data for the different SpCa 2+ profiles as one signal because it is unclear to what extent the mechanism of the transients differs. Another aspect is the amplitude of the SpCa 2+ transients in the three astrocytic compartments, which we report to be of the same magnitude. This observation is in accordance with a study using genetically encoded calcium indicators in hippocampus slices from adult mice (Shigetomi et al., 2013 with great differences in kinetic profiles and underlying mechanism (Bindocci et al., 2017; Verkhratsky & Nedergaard, 2018) . To test whether stroke-related changes in astrocytic SpCa 2+ activity in our mice depend on neuronal firing, we applied TTX. Silencing of neuronal activity by TTX followed by stroke reduced SpCa 2+ activity in astrocytic processes more than stroke alone, whereas SpCa 2+ activity in astrocytic somas and end-feet was independent of neuronal firing.
These findings suggest that SpCa 2+ events in astrocytic processes were linked to neuronal activity under hypoxic conditions in accordance with previous studies (Lopez-Hidalgo, Kellner, & Schummers, 2017; Verkhratsky & Nedergaard, 2018) .
One previous stroke study reported an increase in astrocytic Ca 2+ signaling as a consequence of photothrombotic stroke for both the ischemic core and the penumbra. The astrocytic SpCa 2+ signals depended on the mGluR5 and GABA b pathways, but not on purinergic signaling (Ding et al., 2009 ). The latter observation could be explained by fast degradation of ATP and adenosine after ischemia (Dunwiddie & Masino, 2001 ). On the other hand, the increased astrocytic Ca 2+ signaling in that study is more likely to reflect a cortical spreading depolarization wave, as estimated from the size and duration of the [Ca 2+ ] i increase (Ding et al., 2009; Rakers & Petzold, 2017) .
Cortical spreading depolarization waves following stroke in mice occur most frequently during the first hour (von Bornstadt et al., 2015) and were not observed in our experiments that examined the ischemic penumbra at 2-4 hr after MCAO. At this time, we observed a reduction in neuronal and astrocytic SpCa 2+ activity that depended strongly on the degree of blood flow reduction in adult mice.
Stroke increased the fraction of astrocytes with SpCa 2+ activity in all compartments in aged mice. The mechanism behind hypoxiainduced SpCa 2+ activity in aged mice may relate to the possibility that astrocytes are tuned for rapid detection of brain oxygenation (Angelova et al., 2015) . Astrocytes release ATP in response to CNS damage (Davalos et al., 2005; Melani et al., 2005; Nimmerjahn, Kirchhoff, & Helmchen, 2005; Takano, Oberheim, Cotrina, & Nedergaard, 2009 ). Furthermore, purinergic receptor inhibition ameliorates tissue damage in animal models of stroke and traumatic brain injury (Choo et al., 2013; Kuboyama et al., 2011) . As purinergic signaling is the most important pathway by which astrocytes communicate (Takano et al., 2009) , we hypothesized that purinergic signals were involved in the astrocytic hyperactivity in old stroke mice. To test this possibility, we applied a nonselective blocker of P2 receptors, PPADS, before stroke in old mice. PPADS reduced the stroke-induced increase in astrocytic SpCa 2+ activity in old mice. Additionally, we observed that the stroke-induced increase in astrocytic SpCa 2+ activity in old mice was strongly reduced in all compartments by TTX, suggesting that purinergic signaling and neuronal activity modulate astrocytic SpCa 2+ activity.
The commonly used anesthetics-ketamine/xylazine, isoflurane, and urethane-have been shown to lower spontaneous astrocytic Ca 2+ activity (Thrane et al., 2012) . However, potential effects of α-chloralose on SpCa 2+ activity remain unknown. Ketamine half-life and neurotoxicity increase with age (Jevtovic-Todorovic and Carter,
2005; Veilleux-Lemieux et al., 2013), but in our study, ketamine was used only during the initial surgery before switching to α-chloralose.
Hence, we cannot rule out possible residual effects of ketamine on SpCa 2+ activity, which may vary depending age or that stroke-induced reactive astrocytes may react differently to the anesthesia. Under anesthesia, mice develop metabolic acidosis, which we partly counteracted with HCO 3 i.p. to maintain neutral blood pH. The doses of HCO 3
were small and the same among the experimental groups. Nevertheless, we cannot rule out the possibility that HCO 3 dampened pH changes related to ischemia in the penumbra and that this might influence the SpCa 2+ activities, but we believe that this effect was small. In ischemic tissue, astrocytes swell (Risher et al., 2012) , and neurons may take up SR101 although in limited amount (Thompson et al., 2006) , and loading with OGB could be affected. Taken together, this could lead to difficulties in discriminating neurons from astrocytes in the ischemic penumbra. To avoid this, we did not include cell structures with very low fluorescence or cells with a morphology that diverted from the control state. Though theoretically a problem, it turned out that the number of ROIs included in the analysis was the same for sham and stroke mice for the same magnification (Supporting Information, Figure S2 ). This may suggest that the number of SR101-positive cells was the same in stroke and sham mice and that the cellular uptake of OGB remained unchanged in neurons and astrocytes in the ischemic penumbra. SR101 may increase neuronal activity in hippocampal slices (Kang et al., 2010) , and induce seizure-like activity in vivo in mouse cortex when using concentrations of 0.05 mM, but do not affect activity at lower concentrations (Rasmussen et al., 2016; Hulsmann et al., 2017) . Furthermore, it has been shown both in slices and in vivo that cortical oligodendrocytes may take up SR101 (Hill and Grutzendler, 2014; Hagos and Hulsmann, 2016) . We used a 10 times lower concentration of SR101 than the suggested threshold for effects on neuronal activity and uptake by oligodendrocytes. Additionally, the aforementioned studies used topical application, while we loaded the dyes by using microinjection and hence added much smaller volumes of SR101 to the brain. We monitored ECoG continuously and did not observe signs of seizures or other types of abnormal activity except in one adult MCAO mouse that was excluded from the study due to seizure-like activity. Nevertheless, we cannot rule out that SR101 could have effects on brain activity that we did not observe nor that some of the SpCa 2+ signals we observed as astrocytic to some extent might be contaminated by signaling from oligodendrocytes. Despite the age range in the experimental groups of old mice, the only difference, which was small, in mean age was between the old MCAO group and the old MCAO PPADS group (Supporting information, Figure S9 ). Comparison of the youngest old and the oldest old mice suggested that stroke, PPADS, and TTX affected CBF, ECoG amplitude, and SpCa 2+ activity similarly in both groups.
In conclusion, the electrically compromised ischemic penumbra is far from inactive in old mice. Most notably, stroke induced a remarkable increase in SpCa 2+ activity in astrocytes of old mice that depended on purinergic signaling and neuronal action potentials. Neuronal and astrocytic SpCa 2+ activity in the ischemic penumbra may reflect and induce processes related to both cell death and survival.
Our study is of relevance to studies that aim to develop novel therapies targeting the secondary mechanisms of stroke damage by emphasizing that particular astrocyte mechanisms may be of relevance for the aging stroke brain.
